A cellulase with wide range of pH resistance and high salt tolerance was isolated from the digestive gland of the oyster Crassostrea rivularis living in mangrove forests. The 27 kDa cellulase named as CrCel was purified 40.6 folds by anion exchange chromatography and extraction from the gel after non-reducing sodium dodecylsufate-polyacrylamide gel electrophoresis. The specific activity of the purified cellulase was 23.4 U/mg against carboxymethyl cellulose (CMC). The N-terminal amino acid sequence of CrCel was determined to be NQKCQANSRV. CrCel preferably hydrolyzes β-1,4-glucosidic bonds in the amorphous parts of cellulose materials and displays degradation activity toward xylan. The K m and V max values of CrCel for CMC were determined to be 2.1% ± 0.4% and 73.5 ± 3.3 U mg −1 , respectively. The optimal pH value and temperature of CrCel were 5.5 and 40°C, respectively.
Introduction
Cellulose is a polysaccharide comprising glucose monomers linked by β-1,4-glycosidic bonds, which is the major structural polysaccharide in plants and thereby becomes the most abundant biomass resource on earth. Owing to its significant status as a renewable alternative to fossil fuel, considerable researches have been performed in the efficient conversion of cellulose into liquid biofuel [1] . The mild and effective conversion of lignocellulose by cellulolytic enzymes is the most effective way in cellulose utilization. In organisms, cellulose decomposition involves the synergistic action of three types of cellulolytic enzymes: endo-β-1,4-glucanase (EC 3.2.1.4), cellobiohydrolase (EC 3.2.1.91) and β-glucosidase (EC 3.2.1.21). Endo-β-1,4-gluacanase randomly cleaves the internal linkages in cellulose main chains at amorphous sites, and then cellobiohydrolase progressively releases cellobiose from the non-reducing or reducing ends. Cellobiose and other cello-oligomers are hydrolyzed by β-glucosidase into glucose [2] .
Filamentous fungi are traditionally used as the source of cellulolytic enzymes [3] . However, the limited availability of low-cost and high-performance enzymes has been a big obstacle in the large-scale production of biofuel by cellulose degradation. In 1998, a report of an endogenous cellulase gene in termite overturned the long-believed theory that symbiotic microorganisms are responsible for the cellulose assimilation in higher animals because higher animals lack the ability to synthesize cellulases endogenously [4] . Since then, endogenous cellulases with multifunction, high activity or good thermostability have been identified in various insects [5] , nematodes [6] , mollusks [7] [8] [9] , crustaceans [10] and echinoderms [11] . In mollusks, a multifunctional cellulase possessing high levels of exo-β-1,4-glucanase, endo-β-1, 4-glucanase and endo-β-1,4-xylanase activities was isolated from the snail Ampullaria crossean, which could hydrolyze dehydrated straw independently [12] . Additionally, a thermostable endoglucanase from blue mussel showed a broad range of optimum temperature, and could withstand elevated temperature without irreversible activity loss [13] . Cellulases (endo-β-1,4-glucanases and cellobiohydrolases) are classified into 14 glycoside hydrolase families (GHFs) based on the primary structure [14] . Five of these families have been found in animals: GHF5, GHF6, GHF9, GHF10 and GHF45 (http://afmb.cnrs-mrs.fr/ CAZY/index.html).
Mangrove forests are intertidal, tree-dominated wetlands situated in tropical and subtropical coastlines. The unique swampy, saline and rich biodiversity make mangrove ecosystem a great treasury for obtaining gene and enzyme resources with ideal properties [15] . Highly productive mangrove ecosystems are believed to extensively rely on a detritus-based food web in which mangrove leaf litter is converted into tasty microbial biomass to serve as the primary food source for the higher trophic levels [16] . Apart from mangrove litter fall, phytoplankton in tidal water, benthic microalgae and root epiphytic algae are also primary producers and important carbon sources of the mangrove ecosystem [15] . Macrobenthic invertebrates are believed to play a crucial role in mangrove litter processing as well as carbon cycling [17] . Crabs are considered to be the major initial processors of mangrove leaf litter, and the mollusks contribute to the assimilation of mangrove leaf litter by grazing fallen leaves and capturing suspended particles of diverse origins [18, 19] . Some recent reports have revealed that mangrove macrobenthos exhibited strong cellulase and hemicellulase activities in the digestive organs [20, 21] , but no study has been carried out in the purification or gene cloning of mangrove macrobenthic cellulases until now.
In our previous work, eight species of mangrove macrobenthos were found to possess the ability of utilizing diverse food sources composed of cellulose and hemicellulose from mangrove forests, such as mangrove leaf litter and algae, among which the oyster Crassostrea rivularis displayed potent endoglucanase activity. Crassostrea rivularis is of commercial importance in China and is usually used as a biomarker of monitoring heavy metals and organics pollution in sea water [22, 23] . In the present study, an endo-β-1,4-glucanase was isolated from the digestive gland of C. rivularis, which is named as CrCel (C. rivularis cellulase), and its enzymatic properties were characterized. The salt tolerance of CrCel was also investigated for a better understanding of the unique enzyme from mangrove invertebrate.
Materials and Methods

Materials
The oysters, C. rivularis (Gould, 1861), were obtained from Dongzhaigang Mangrove Reserve, Hainan, China, between April and June of 2013. The living oysters were transported to the laboratory and kept in seawater for 2 days. After the removal of the valves, the oysters were dissected on ice. A total of 3 g of digestive glands (the hepatopancrea of the oyster) were collected from 80 oysters and homogenized in 6 ml of ice-cold homogenization buffer (50 mM Tris-HCl, pH 8.6, containing 1 mM phenylmenthylsulphonyl fluoride). The homogenate was centrifuged twice at 15,000 g for 15 min. The supernatant was then filtered and stored at 4°C to serve as the crude enzyme for cellulase purification.
Enzyme assays
Endo-β-1,4-glucanase activity was assayed in a reaction mixture containing an appropriate amount of enzyme solution (10-25 µl), 50 µl of 0.2 M acetate buffer ( pH 5.5) and 50 µl of 1% (w/v) carboxymethyl cellulose (CMC). After incubation at 37°C for 10 min, the reaction was terminated by adding 40 µl of dinitrosalicylic acid (DNS) and 10 µl of 2 M NaOH, followed by boiling for 5 min. The amount of reducing sugars released was determined by the DNS method [24] with D-glucose as the standard. One unit (U) of enzyme was defined as the amount of enzyme producing 1 µmol of reducing sugars in glucose equivalents per minute.
Various substrates, including 2-hydroxyethyl cellulose (HEC; 1%), microcrystalline cellulose (MCC; 1%), lichenan (1%), laminarin (1%), xylan from birch wood (1%), D-(−)-salicin (0.5%) and starch from potato (0.5%), were used to examine the substrate specificity of the enzyme. The assays were carried out as described above.
Sodium dodecylsufate-polyacrylamide gel electrophoresis and activity staining SDS-PAGE was performed with 0.1% (w/v) SDS and 12% (w/v) polyacrylamide gel as previously described [25] . The gel was then stained with 0.1% (w/v) Coomassie brilliant blue R-250 in 50% (v/v) methanol/10% (v/v) acetic acid and destained with 15% (v/v) acetic acid.
In the case of activity staining, crude enzyme samples mixed with the non-reducing sample buffer (2.5% SDS) were separated by SDS-PAGE at 4°C with a gel containing 0.2% (w/v) CMC. Then the gel was washed twice with 0.1 M acetate buffer ( pH 5.5) containing 0.1% (v/v) Triton X-100 for 30 min to remove SDS. After being briefly rinsed with distilled water, the gel was soaked in 0.1 M acetate buffer ( pH 5.5) for 3 h at 37°C. Subsequently, 0.1% (w/v) Congo red in water was prepared to stain the gel before it was treated with 0.1 M NaOH for 30 min. The excess dye was removed by 1 M NaCl with gentle shaking until clear bands were presented at which CMC was hydrolyzed by the cellulase.
Purification procedure
The crude enzyme extracted from the digestive gland of C. rivularis was filtered through a 0.45 µm Millipore membrane (Billerica, USA) and applied to an anion exchange column (Q-Sepharose, 2.5 × 30 cm; GE Healthcare, Wisconsin, USA) which had been pre-equilibrated with 50 mM Tris-HCl ( pH 8.6) at 4°C for 8 h at a flow rate of 30 ml/h. The elution was performed with a linear gradient (300/ 300 ml) of 0-0.8 M NaCl in 50 mM Tris-HCl ( pH 8.6). Thirty milliliters of fractions with strong endo-β-1,4-glucanase activities were combined and lyophilized. The lyophilized fractions were dissolved in 1 ml of 50 mM Tris-HCl ( pH 7.8), dialyzed against the same buffer, and centrifuged at 15,000 g for 10 min to remove insoluble materials. The supernatant was then loaded on gels (7 × 10 cm) containing 0.2% (w/v) CMC for SDS-PAGE and activity staining. After electrophoresis, each gel was divided into two parts. One gel lane was subject to activity staining for identification of the cellulase position and the remaining gel was stored at 4°C for elution of proteins. The corresponding strip with cellulase activity of the gel was cut out and crumbled into small sections to soak in distilled water at 4°C overnight for the elution of the proteins. After centrifugation at 12,000 g for 10 min, the supernatants were collected and lyophilized, and then dissolved in 100 µl of 50 mM Tris-HCl ( pH 7.8) to analyze the purity by normal SDS-PAGE. Protein concentration was determined by the Bio-Rad Protein assay kit (Hercules, USA) with bovine serum albumin as a standard [26] .
Protein size determination
The molecular mass of the purified enzyme CrCel was estimated by SDS-PAGE and determined by high-performance liquid chromatography (HPLC). For HPLC, CrCel was applied to a BioSep-SEC-s2000 gel filtration column (7.8 × 300 mm; Phenomenex, Torrance, USA) and eluted isocratically with 50 mM phosphate buffer ( pH 7.0) containing 100 mM NaCl at a flow rate of 1 ml/min. The molecular mass was calculated by comparing its elution volume with that of the standards: ribonuclease A (13.7 kDa), β-lactoglobulin (35 kDa), ovalbumin (45 kDa), bovine serum albumin (66 kDa) and immunoglobulin G (156 kDa).
N-terminal amino acid sequence analysis
The purified enzyme was separated by SDS-PAGE and then electroblotted onto a polyvinylidine difluoride membrane according to the manufacturer's instructions. The N-terminal amino acid sequence of CrCel was determined by automated Edman degradation (model 492C; Applied Biosystems, Foster City, USA).
Enzyme kinetics
The activity of CrCel was determined at substrate concentration ranging from 0.25 to 2.5% (w/v). The kinetic parameters K m and V max were calculated by the graphing software Prism 5.0 (Graphpad Software, San Diego, USA) according to the Michaelis-Menten plot using non-linear regression.
pH and temperature properties CMC was used as the substrate in the assays below. The optimum pH of CrCel (0.5 mg/ml) was determined by measuring enzyme activity in the following buffers: citrate-phosphate buffer ( pH 3.0-6.0), phosphate buffer ( pH 6.5-7.5) and glycine-NaOH buffer ( pH 8.0-10.0). Reactions were allowed to proceed at 37°C for 10 min. To evaluate pH stability, CrCel was pre-incubated in the different pH buffers at 4°C for 80 min. The residual activity was assayed in 0.2 M acetate buffer ( pH 5.5) at 37°C for 10 min. The optimum temperature of the endoglucanase activity was measured by incubating CrCel (0.5 mg/ml) with 1% (w/v) CMC dissolved in 0.2 M acetate buffer ( pH 5.5) for 10 min at 10°C increments from 10°C to 80°C. For thermal stability, CrCel was pre-incubated for 30 min at the temperatures specified above before the residual activity was determined. The effect of NaCl on enzyme activity was further detected by adding 0.5-4 M NaCl in the reaction mixture as described above. For the measurement of salt stability, CrCel (0.5 mg/ml) was pre-incubated with 0.5-4 M NaCl for 1, 12 and 24 h at 4°C. The residual activity was measured by incubating CrCel with 50 µl of 0.2 M acetate buffer ( pH 5.5) and 50 µl of 1% (w/v) CMC at 37°C for 10 min.
Effects of chemical reagents and salt-tolerant properties
Statistical analysis
Data are presented as the mean ± SEM. Data analyses were performed using Student's t-test and the significance level was set at P < 0.05.
Results
Purification of cellulase CrCel from C. rivularis
The crude enzyme extracted from the digestive gland of C. rivularis was first purified by strong anion exchange chromatography (Fig. 1) . Cellulase activity was detected in the first half of the penetrating peak. Therefore, fractions 14-19 were collected and concentrated for non-reducing SDS-PAGE and activity staining. Three clear bands displaying on the gel of activity staining indicated that there are at least three endo-β-1,4-glucanases. The one with low molecular mass was eluted and concentrated from the unstained gel. The purified protein was treated with reducing sample buffer (2.5% SDS and 5% β-mercaptoethanol) at 100°C for 5 min and analyzed by SDS-PAGE. A single 27 kDa protein band was detected by Coomassie brilliant blue staining under reducing conditions (Fig. 2) . The enzyme was purified 40.6-folds with a specific activity of 23.4 U mg −1 against CMC and a yield of 4.3% ( Table 1 ). The molecular mass of CrCel identified by HPLC was 26.9 kDa, which was consistent with that estimated by SDS-PAGE.
N-terminal amino acid sequence analysis of CrCel
The N-terminal amino acid sequence of CrCel was determined to be NQKCQANSRV, which showed high homology to sequences of other molluscan cellulases. Alignment of N-terminal sequences of CrCel and cellulases from Corbicula japonica (CjEG), Mytilus edilus (MeEG), A. crossean (AcEG) and Haliotis discus discus (HdEG) is shown in Fig. 3 , among which CjEG, MeEG and AcEG all belong to GHF45. The N-terminal sequence of CrCel was the most homologous with that of MeEG.
Substrate specificity and enzyme kinetics of CrCel
To assess the substrate preference of CrCel, various polysaccharides and synthetic substrates were incubated, respectively, with CrCel at pH 5.5. As shown in Table 2 , CrCel preferably degraded the substrates linked by β-1,4-glycosidic bonds, such as CMC, HEC and xylan, but showed no hydrolysis activity against lichenan, laminarin, salicin or starch, and showed very little activity against the insoluble substrate (MCC). Endo-β-1,4-glucanase activity was indicated by the hydrolysis rate of CMC and HEC, while CrCel exhibited practically the same specific activity. The K m and V max values of CrCel for CMC and HEC were determined to be 2.1% ± 0.4% and 73.5 ± 3.3 U mg −1 , and 1.0% ± 0.2% and 55.0 ± 2.7 U mg −1 , respectively, suggesting that CrCel had the higher affinity for HEC (Fig. 4) .
Optimal pH and temperature
The optimal pH and temperature of CrCel toward CMC were 5.5 and 40°C, respectively (Fig. 4) . CrCel retained over 60% activity at pH 4.0-6.5, while the enzyme was almost inactive under alkaline conditions. The activity of CrCel decreased sharply below 20°C and above 40°C.
CrCel was stable over a wide range of pH, maintaining over 60% activity after incubation at 4°C for 80 min at the pH range of 3.0-9.0 (Fig. 5A) . The enzyme lost its activity rapidly above pH 9.0. CrCel retained over 60% of maximum activity after incubation at temperatures as low as 40°C for 30 min, but the activity was lost altogether at temperatures above 60°C (Fig. 5B) .
Effects of chemical reagents on CrCel
Among various metal ions and chemical reagents, Cu 2+ caused the strongest inhibition on CrCel, which decreased the activity to 5.0% of the original value. EDTA also significantly inhibited CrCel activity, indicating that CrCel probably contains metal ions as the coenzyme for cellulase activity. On the other hand, Ba 2+ significantly enhanced
CrCel activity up to 24%. Despite the enzyme was derived from the mangrove oyster, the presence of Na + , K + and Mg 2+ showed no obvious influence on its activity ( Table 3) .
Salt tolerance of CrCel
The activity of CrCel was moderately improved in the presence of 0.5-1 M NaCl (Fig. 6A) . When NaCl concentration was progressively increased up to 4 M, the activity remained unchanged. CrCel showed excellent stability after incubation with different concentrations of NaCl and time periods (Fig. 6B) . The activity was not obviously affected after incubation with 0.5-4 M NaCl at 4°C for 1 h. The enzyme retained over 70% activity after incubation with 0.5-2 M NaCl for up to 24 h, whereas the activity decreased rapidly at higher NaCl concentrations.
Discussion
Crassostrea rivularis living in mangrove forests is commonly attached to mangrove roots and trunks. As a filter feeder, detritus derived from mangrove leaf litter, diatoms and small zooplankton comprise the cardinal food sources of the oyster. The digestive gland extraction of C. rivularis was previously identified to have powerful endoglucanase activity [27] . Based on the activity staining analysis, the molecular mass of endoglucanases in the digestive gland was mainly higher than 53 kDa, while only one clear band appeared in the low-molecular-mass region. The 27 kDa cellulase named as CrCel was isolated by anion exchange chromatography followed by extraction from the gel after nonreducing SDS-PAGE according to the modified method of Sugimura et al. [28] . Purified CrCel showed the specific activity of 23.4 U mg
against CMC, similar to that of cellulase from sea urchin and aquatic crayfish [11, 29] . GHF45 cellulases are endo-β-1,4-glucanases with relatively low molecular mass compared with cellulases from other families. In mollusks, GHF45 cellulases have been reported in brackish water clam [30] , blue mussel [31] , sea hare [32] and freshwater snail [33] . In addition to GHF45, GHF9 [7, 8] and GHF10 [12] cellulases were also successfully isolated from mollusks. Based on N-terminal amino acid sequence and low molecular mass of the enzyme, CrCel probably belongs to GHF45. The substrate specificity of CrCel resembles that of EG27, another mollusk-origin GHF45 cellulase from A. crossean [9] . CrCel showed little degradation activity against MCC, suggesting that it may hydrolyze β-1,4-glucosidic bonds only in the amorphous parts of cellulose materials. CrCel has no detectable activity against D-(−)-salicin. These results are consistent with the conclusion that CrCel is an endo-β-1,4-glucanase (E.C. 3.2.1.4). CrCel in the digestive system of C. rivularis should participate in the assimilation of cellulolytic materials derived from the food sources of the oyster. The function of the enzyme may be to hydrolyze the polysaccharides within the cell walls of mangrove plants and algae to aid in their digestion. Mangrove leaf litter tends to be consumed and excreted as small particles by microorganisms and mangrove crabs before the oysters filter it out of water. Besides, C. rivularis is believed to prefer algae as the major food sources rather than mangrove leaf litter [27] . In the assay of hemicellulase activities, CrCel exhibits degradation activity toward xylan, Figure 5 . Effects of pH and temperature on the activity and stability of CrCel (A) Optimal pH (closed circles) and pH stability (opened circles). The optimum pH of CrCel against CMC was determined by measuring enzyme activity at 37°C for 10 min in the following buffers: citrate-phosphate buffer ( pH 3.0-6.0), phosphate buffer ( pH 6.5-7.5) and glycine-NaOH buffer ( pH 8.0-10.0). For pH stability, CrCel was pre-incubated in the different pH buffers at 4°C for 80 min. The residual activity was assayed under standard conditions. (B) Optimal temperature (closed circles) and thermal stability (opened circles). The optimum temperature of CrCel was measured by incubating the enzyme with 1% (w/v) CMC dissolved in 0.2 M acetate buffer ( pH 5.5) for 10 min at 10-80°C. For thermal stability, CrCel was pre-incubated for 30 min at the temperatures specified above. The residual activity against CMC was determined under standard conditions. Relative activity (the mean ± SEM) was determined by three replicate assays. Levels of significance are indicated as *P < 0.05 and **P < 0.01.
but not to lichenan and laminarin which are present mainly in algae.
Complete digestion of cellulolytic materials within the food consumed by the oyster needs the synergistic action of CrCel and other cellulases as well as various hemicellulases in the digestive system. From an ecological view, CrCel is suggested to contribute to the carbon cycling of mangrove ecosystem via the consumption and conversion of mangrove primary production including mangrove leaf litter and algae of different sources. Animal cellulases always display optimal activity under weak acidic conditions [13, 28] . The optimal pH and temperature of CrCel toward CMC were 5.5 and 40°C, respectively, the same as the cellulase EpCel from North Pacific krill [34] . In addition to acidophilic property, the enzyme was quite stable under acid and mild alkaline conditions from pH 3.0 to 9.0. Acid or alkali resistant cellulases are preferable candidates for biotechnological applications, especially in the field of animal feed supplements and laundry detergents [35, 36] . Hence CrCel has some advantages for potential industrial use.
Another remarkable property is the salt tolerance of CrCel. The unique ecological environment of mangrove forests endows harbored organisms and enzymes with particular characteristics. In an effort to screen cellulase-producing bacteria from mangrove soil, an endo-β-1,4-glucanase with high levels of alkali resistance and salt tolerance was isolated from the Vibrio genus [37] . The recombinant enzyme was stable over a wide range of pH and retained 90% activity after pretreatment with 4 M NaCl for 1 h or 2 M NaCl for 24 h. The enzyme activity rose to 1.6-fold in 0.5 M NaCl and remained high in higher NaCl concentrations. A similar condition occurred in CrCel. The salttolerant properties of marine cellulases are considered to be a consequence of their marine environment and the physiological need of the enzymes to remain active in their digestive systems that may contain high concentrations of salt originated from seawater. Traditionally, lignocellulose materials were pretreated with ionic liquids which are strong denaturing agents for most of the identified cellulases during the conversion into liquid biofuel. As a result, the pretreated cellulose needs to be separated and rinsed with water before cellulase hydrolysis [38] . However, because of the halotolerance of CrCel, it is promising in the direct conversion of ionic liquids pretreated cellulose without cellulose recovery.
In conclusion, an endo-β-1,4-glucanase with a wide range of pH resistance and salt tolerance was isolated from the digestive gland of the oyster C. rivularis living in mangrove forests. The purified CrCel is suggested to participate in the assimilation of cellulolytic materials derived from the food sources of the oyster and contribute to the consumption of mangrove primary production. The endogenous cellulase of the brackish water clam, C. japonica, was demonstrated to be produced and secreted in the digestive gland and eventually accumulated in the crystalline style [39] . Gene expression of a lysozyme in the eastern oyster was also located in basophil cells of digestive gland tissues [40] . We deduced that CrCel is a GHF45 cellulase produced endogenously in the digestive gland of C. rivularis due to its similar properties to other animal cellulases, but further studies like gene cloning and in situ hybridization are still needed. To our knowledge, this is the first report on the isolation and characterization of a cellulase from mangrove invertebrates. Mangrove forests hold abundant resources of genes and enzymes with unique properties. So, it is a potential candidate in future industrial application. 
